The effects of paste volume, water content and precursor blend on consistency, setting time and compressive strength of alkali activated concrete (AAC) produced with fly ash (FA) and ground granulated blast furnace slag (GGBS) have been investigated with the aim of developing a suitable mix design procedure. Paste volumes in the range 30% -33% were found not to influence the compressive strength but did influence the consistency of the mixes. The water-to-solid ratio was found to influence compressive strength and setting time. Increasing GGBS content in the binder blend resulted in an increase of the compressive strength, but higher GGBS content caused also early setting which may be undesirable. A mix design procedure has been developed and has been used to determine the constituent mix proportions for three classes of concretes, i.e. concrete (PC), as typically used in ready mix industry has been shown to be less expensive than AAC. However, alkali activated concrete can be competitively priced for high strength concretes. An empirical step-by-step procedure is presented for selecting trial mix proportions for concretes with a range of consistency values, setting times and cube compressive strengths.
Introduction
Early investigations on alkali activated binder (AAB) date back to the beginning of the 20 th century thanks to pioneering work by Kühl in Germany which was on vitreous slags activated with alkali materials [1] . However, it was only in the last decade that they gained international attention as alternative to Portland cement (PC) based binders, mainly due to the potential reduction of associated CO2 emissions and for their inherent properties such as high strength, good resistance to chemical degradation, thermal stability and fire resistance, among others [2] .
An extensive literature can be found on AAB. Detailed and up-to-date reviews are available [1] . While the majority of the studies have focused on the reaction mechanism and microstructural characterisation of AAB, relatively few investigations have been carried out with the aim of developing guidelines for concrete mix design proportioning [5 -13] . Despite this, commercial binders have been marketed in Europe, USA, Australia and India, sometimes labelled as 'geopolymer concrete', and patents have been filed [3, 4] .
Available studies for mix proportioning on geopolymer or alkali activated concretes (AAC) have mainly focused on neat fly ash (FA) as the precursor [5 -13] . Factors such as dosage of alkali solutions, water content, elevated curing temperatures (60 to 100 °C) and curing time are considered to be the important factors influencing the properties of fly ash-based AAC. Studies reported that reinforced concrete structural elements such as full scale beams and columns showed mechanical properties not dissimilar to those of Portland cementbased concrete [12, 14] . Recently, a mix design procedure has been proposed for fly ash based geopolymer concretes applicable (1) to when they are cured at 60 or 80 °C, and (2) only to two NaOH solution concentrations [15] . The parameters considered in the design procedure for obtaining required compressive strength and workability were water to geopolymer solid ratio, alkali solution/fly ash and alkali solution/water ratios. Fly ash based geopolymer concrete requires both high chemical dosages and elevated curing temperature to achieve suitable mechanical properties, which may lead to limited applications as a result of higher production costs. Higher chemical activator quantities also increase the embodied energy of AAC making it less favourable as a way for reducing the environmental impact of construction.
Ground granulated blast furnace slag (GGBS) is also used as a precursor on its own or blended with fly ash to produce AAC cured at room temperature with high mechanical performance whilst requiring relatively low activator dosage. However, this option has also some practical challenges to overcome, such as fast setting of high calcium alkali activated systems [16] . Chemical admixtures used as retarders for Portland cement have not proved to be compatible for AAB. Detrimental effects on compressive strength have often been observed with some of them [17] . Till now no new chemical admixtures have been identified that overcome this problem.
Mechanical strength for slag-based AAC was found to be higher than that of Portland cement-based concrete produced with similar binder content, water content, and curing temperature [18] . It was also observed that the strength development of slag-based AAC was less affected by the binder content than that of PC concrete. Slagbased AAC also had lower water absorption and lower total porosity than PC concrete. However, these properties decrease with increasing the binder content [18] . Hung and Chang [19] reported that the effect of liquid-to-binder ratio was less pronounced in slag-based AAC than in PC concrete. It was also observed that variables such as sand/aggregate and paste/aggregate ratios affected the fresh and hardened properties of slagbased AAC in a similar way to conventional PC concrete. The 28-day compressive strength was found to reach 80% of the 90-day strength, which is not much dissimilar to PC concrete, thus the 28-day strength can be used for designing slag-based AAC in a similar way to PC concretes.
Some studies have investigated the production of geopolymer concrete with blends of fly ash/GGBS [16, [20] [21] [22] . The main observations from these studies were:
 Consistency decreased with increasing the GGBS content up to 30% by weight of the total binder when the binder was kept constant at 400 kg/m 3 . The decrease of the consistency was attributed to the accelerated reaction of the calcium species and the angular shape of GGBS particles compared to the spherical shape of the fly ash [16, 20] .
 Consistency decreased with the reduction of the activator to binder ratio but it improved with the addition of extra water, which however led to reductions in strength. The addition of slag was found to accelerate the setting at ambient temperature. Maximum slag content of 10% was recommended for achieving concrete with strength and setting times similar to PC concretes [16] .
 Compressive strength increased with increasing slag content in the investigated range of up to 30% [21] .
Setting time was also reported to decrease as the amount of slag and the concentration of the NaOH solution increased. The "optimum" slag content in an alkali-activated fly ash/slag mixture was proposed to be 15-20% of total binder by weight considering setting time and workability of concrete.
The control of fresh and hardened properties of fly ash/GGBS concrete through a suitable mix design procedure is still desired. Reaction processes and products are completely different from those of Portland cement, and the empirical procedures usually adopted for the mix design of PC concretes cannot be used for AAC.
The objectives of this study were:
 To assess the effects of different water/solids ratio, paste volume, fly ash/GGBS blends on the setting time and strength development of AAC.
 To quantify the effect of water content on the binder setting behaviour.
 To determine guidelines for mix proportioning of AAC.
 To compare the cost of AAC and PC concretes with similar compressive strengths and consistency.
The effect of aggregate shape, texture and grading, as well as the effect of other activators (potassium-based solutions, carbonates etc.) and admixtures were not part of this study.
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Materials and experimental procedures
Materials
Power Minerals Ltd supplied the fly ash from their Drax Power Station in the UK. The Rietveld method was used for assessing the amorphous content (internal standard of Al2O3, 20% in weight, was used). Quartz (4.6%) and mullite (8.1%) were the main crystalline phases identified, whilst hematite (0.5%) and magnetite (0.8%)
were also detected. The amorphous content was estimated at 86%. The measured volumetric mass density of the particles was 2.42 g/cm 3 . Particle size analysis was carried out with laser diffraction and the obtained mean particle size (d50) was 17 µm.
GGBS was supplied by Civil and Marine Ltd -Hanson Company, West Thurrock, Essex, UK. XRD allowed the identification of akermanite and gehlenite in crystalline state, whereas the amorphous content was found to be higher than 95%. The volumetric mass density of the particles was 2.92 g/cm 3 and the d50 was 15 µm.
X-ray diffraction (XRD), with the use of a Philips X'Pert MPD diffractometer (which uses Cu-K-α radiation)
determined the mineralogical composition.
X-ray fluorescence (XRF) was used to determine the chemical composition of the precursor materials. Main oxides are shown in Table 1 . M+ is the mass ratio of sodium oxide (Na2O) in the activating solution (i.e. Na2O from NaOH solution + Na2O from sodium silicate solution) to the binder dry mass:
Alkali modulus (AM) is the mass ratio Na2O / SiO2 in the alkali solutions.
The following dosages were chosen for this work: M+ = 7.5%, AM = 1.25. These values ensured satisfactory strength and setting time, whilst offering the possibility for reduced production costs and environmental impacts. This was based on a preliminary study of the effect of chemical dosage on the reaction of fly ash-based systems (100% fly ash) and GGBS-rich systems (30% fly ash and 70% GGBS) carried out on mortars [23] . The strength was found to increase with increasing AM, reaching an optimum before decreasing. The drop in strength after the optimum may be due to the reduced amount of available silica required for the geopolymer reactions to develop. Optimum values of AM were found to be in the range 0.95 -1.25. An increase in M+ resulted in higher compressive strengths, although the increase was smaller for M+ higher than 9.5% and 7.5%
for neat fly ash systems and rich GGBS systems respectively. Higher dosages, beside cost and environmental implications, were found to trigger fast setting, observed also in fly ash-based AAC for very high dosages (M+ ≥ 12.5%).
The water/solids (w/s) ratio is the mass ratio of the water in the system (i.e. water in the activating solutions + added water) to the solids (i.e. precursors + alkali solids). Aggregates used were natural sand (0/4 mm) and Aggregates were oven-dried. They were subsequently wetted to saturated-surface-dry condition by adding the required mass of water. This was calculated based on their one-hour water absorption. The water absorbed by the aggregate was not included in the water/solid ratio. 6 Table 2 . Mix proportions for 100/0 fly ash/GGBS mixes (100/0). relative humidity, RH). RH in the containers was monitored with the use of a portable digital humidity meter.
100% fly ash samples were cured unsealed in oven at 70 °C up till 28 days. Two cubes were tested at the testing age of 1, 7 and 28 days. Some mixes were repeated for confirming the results. 3 cubes were tested instead of 2 for some mixes at each testing age (mixes 10C1, 10C2, 6C1 to 6C10, 3C1, 3C4, 3C8).
Initial and final setting times were measured on mortars according to the procedure described in the ASTM standard C403M -08 [25] . The method determines the penetration force of a manual penetrometer in a mortar sample. Initial and final setting times correspond to required penetration pressures of 3.45 MPa and 27.6 MPa respectively.
Results and discussion
The design of a concrete mix requires the selection and correct proportions of binder, fine and coarse aggregate, water and other materials needed for producing concrete having the specified properties. This often involves a compromise between conflicting factors. Each mix ingredient may improve a property while adversely affecting others and the final proportioning must consider each and every effect if it is to result in the required concrete properties. The following sections examine and discuss the effects of mix parameters on workability, setting time and strength. 8
Effect of paste volume, GGBS content and w/s ratio on fresh and hardened properties of concrete
Effect on concrete consistency
Results from slump tests on investigated fly ash/GGBS blends are shown in Figure 1 .
Paste volume: the consistency of the mixes was found to be strongly influenced by the paste volume. The fresh consistency of AAC was dependent on the combined effect of paste and water content, whereas the lubrication effects responsible for the consistency of PC concretes are attributed mainly to the water content. It was observed that 30% paste volume normally resulted in slump values falling in classes S1 to S2, whereas for achieving fluid mixes (classes S3 -S5) it was necessary to increase the paste volume. The paste is acting as the lubricant, and its effectiveness can be related to its (a) viscosity and (b) setting properties. These findings compare well with the results of previous studies in literature, i.e. (a) 400 kg/m 3 of binder was found to lead to greater than 18mm slump values [18] , and (b) a correlation between consistency and paste content was found for slag-based AAC with greater than 450 kg/m 3 of binder [19] .
GGBS content: increasing the GGBS content in general led to mixes of lower consistency unless w/s ratio was increased at the same time. High GGBS content (70%) led to a significant reduction in the slump whilst the reduction for intermediate GGBS contents (20% and 40%) did not follow a well-defined trend because of scatter in the results. In general, it was observed that higher GGBS contents required higher w/s ratio for the mixes to be cast.
W/s ratio: even small changes in w/s ratio affected the slump values considerably. In general, increasing the w/s ratio resulted in an increase in the slump values. However, some decreases were observed as well. [26] . Percentages refer to the paste volume.
Effects on setting time
ASTM standard C403M -08 "Standard Test Method for Time of Setting of Concrete Mixtures by Penetration
Resistance" [25] was developed for PC concrete and requires to sieve the wet concrete through a 4.75 mm sieve.
In order not to lose initial points on the penetration vs. time curves due to sieving operations, it was decided to carry out the investigation on mortars prepared with dosages M+ 7.5% and AM 1.25, assessing the effect of water content and GGBS content on setting. Mortars for each binder blend (80/20, 60/40 and 30/70 fly ash/GGBS) had sand : binder ratio equal to 2.75 and this resulted in a paste volume of about 49%, which is not dissimilar to the value that would be obtained by sieving the concrete (in the range of 52% -55%). The mix 100/0, i.e. neat fly ash, was not investigated as fly ash alkali activated binders do not set at room temperature but require curing at high temperature.
Higher w/s ratios led to longer initial setting times. The increased water volume may have had a dilution effect which led to retarding the reaction [27] . Extremely low w/s ratios resulted in unsuitable initial setting times, e.g., less than 15 minutes with w/s ratios lower than 0.37 measured for 60/40 mixes.
Increasing GGBS content resulted in reducing the initial setting time, as was expected from what has been reported in the literature [20] . Figure 2 shows the initial and final setting times versus w/s ratio. It can be seen that the higher the GGBS content, the shorter the setting time is, and therefore the water content has to be increased to maintain the mix workable for longer times. These findings further confirmed the need for increasing w/s ratio while increasing GGBS content in the mix, as previously discussed. Data points of low w/s ratios that led to extremely low initial setting times shown in circles in Figure 2a are considered to be outliers. mixes. Increasing GGBS also increased the early age strength, i.e. the ratio between 7-day and 28-day strengths was about 60% for 80/20 mixes, 70% for 60/40 mixes, and 80% for 30/70 mixes.
Effect on compressive strength
W/s ratio: increasing w/s ratio adversely affected the compressive strength. The effect is more noticeable for neat fly ash AAC, i.e. 100/0 mixes (see Figures 3 a1-a3) , where the w/s ratio has an almost linear relationship with the compressive strength. Similar trends have been reported in the literature [5] . Increasing the w/s ratio from 0.35 to 0.39 resulted in a strength reduction of about 50% irrespective of the paste volume. The strength reduction with the increase in w/s ratio may be attributed to the increased porosity resulting from water evaporation from the pores, as described in the literature [28] . The curing regime (i.e. oven curing at 70 °C) may also have contributed to fast evaporation of water. The higher the w/s ratio, the more porous the final structure was. Addition of GGBS seems to reduce the effect of w/s ratio on the compressive strength, and this trend has also been reported by others [19] . Detrimental effects of water inclusion in 80/20 FA/GGBS mixes were more noticeable for higher w/s ratios (0.39 to 0.41) than they were for lower w/s ratio (0.35 to 0.37), where there was no substantial decrease (see Figures 3 b1-b3 ). For 60/40 mixes higher values of w/s ratios had considerable strength reductions whilst only moderate reductions were seen for w/s ratio less than 0.41. Strength reductions of as high as 40% were observed in mixes with paste content equal to 30% when the w/s ratio was increased above 0.41 (see Figures 3 c1-c3 ). However, increasing of w/s ratio from 0.42 to as high as 0.48 for 30/70 mixes did not seem to affect considerably the strengths which were greater than 60 MPa (see Figures 3 d1-d3 ). 24-hour strengths as high as 30 MPa were achieved for w/s ratio of 0.42.
Mixes 100/0 which were neat fly ash required oven curing at 70 °C. 28-day and 7-day strengths were comparable, indicating that the reaction is nearly complete within 7 days. Drying of the samples especially with high w/s ratio for longer than 7 days may have affected strengths. For w/s ratio of 0.39, the compressive strength at 28 days was even found to be lower than the 7-day strength.
All the strength data obtained, irrespective of paste volume, have been replotted on a single graph, see Figure 4 .
This confirms that the paste volume does not affect significantly the strength in the investigated range. The regression lines through the data points, i.e. the dashed lines, show the relationship between compressive strength and w/s ratio. The grey lines shown are from the BRE method for the design of normal concrete mixes and they show the relationship between compressive strength and water/cement ratio (w/c) [29] . The relationships for w/s ratio for AAC follow the same trends as for w/c ratio for Portland cement mixes. The only one that has a steeper slope is for 100% fly ash mixes and these mixes were cured at 70 °C while all the others were cured at room temperature, i.e. 20 °C.
Guidelines for mix proportioning of AAC
Alkali activated concrete is often regarded as a potential solution for the reduction of CO2 emission of the construction sector. However, costs and environmental impacts associated with the chemical activators can be very high and can hinder the commercialisation of AAC. A suitable mix design procedure is necessary for ensuring low environmental burden and cost-effective production [30] .
The procedure for deriving the mix proportions for a concrete with desired properties has to take into account the effect of several factors such as fresh and hardened properties which are sometimes conflicting. The results discussed in the previous sections were combined for defining a simple step-by-step empirical method for mix proportioning of AAC. Properties considered are consistency class, setting time and compressive strength. A set of "design" charts for the application of the method was developed from the experimental results described above:
 Figure 5 can be used as a "design" chart for a preliminary estimation of the fly ash/GGBS ratio for any compressive strength. It contains also information relating to setting time described above in section 3.1.2. It is to be noted that not all the combinations of compressive strength/initial setting time can be obtained because there are regions representing fast setting or sudden strength reduction due to high w/s ratios. The relationship between strength and GGBS content has been reported to be almost linear [23] . Therefore, relationships between w/s ratio and 28-day compressive strength for intermediate fly ash/GGBS content can be inferred from the trends shown in Figure 4 .
 Figure 6 can be used for checking the predicted initial setting time from w/s ratio and binder blend.
 Figure 7 can be used for the determination of the paste volume for obtaining the desired consistency class after having selected the w/s ratio and the binder blend. The steps required to select mix proportions for a trial mix are shown in Figure 9 as a flow chart and described below:
Step -01. Specification of required properties, i.e. compressive strength, initial setting time and consistency class.
Step -02. Determination of fly ash/GGBS blend and w/s ratio. A horizontal line corresponding to the required strength is drawn on Figure 5 , crossing one of the relationships between blend and w/s ratio. It may be necessary to interpolate in order to obtain a blend for the required strength.
Step -03. Check of the compliance with required initial setting time from Figure 6 , using w/s ratio and fly ash/GGBS blend obtained in above step. In the case where the initial setting time is less than required, then iterate step-03 increasing the GGBS content in the blend and obtaining a new set of values for fly ash/GGBS blend and w/s ratio. A small increase of GGBS content allows a significant increase of the w/s ratio for obtaining the desired compressive strength, and such increase of w/s ratio should lead to a longer initial setting time.
Step -04. Determination of the paste volume for achieving the required consistency. A suitable paste volume is obtained from Figure 7 according to the w/s ratio, fly ash/GGBS blend and the required consistency class. If this latter can be achieved with more than one paste volume, lower paste volume is preferred as this implies lower quantities of binder and activators. Chemicals for activation contribute significantly to production costs as well as the carbon footprint of AAC [30] and therefore choosing the lowest paste volume would contribute to lowering both.
Step -05. Determination of binder content (expressed in kg/m 3 ) from Figure 8 , using fly ash/GGBS blend, w/s ratio, and paste volume obtained from previous steps.
Step -06. Determination of the quantities of Na2O and SiO2 from the binder mass for M+ = 7.5% and AM = 1.25. Quantities of chemicals should then be calculated according to the actual compositions of the activators, which might differ from supplier to supplier.
Step -07. Determination of the mass of water required. The water to be added in the mix is calculated from binder mass, Na2O and SiO2 mass, and w/s ratio, taking into account the water already included in the chemical solutions (i.e. the water in the silicate solution and in the NaOH solution).
Step -08. Determination of the aggregate quantities. Volume of aggregates is obtained by subtracting the paste volume from 1 m 3 of concrete. The mass of each aggregate size is determined from the relative % proportion to be used.
This procedure is a simple method for the determination of the trial mix proportions for AAC to achieve the required properties of strength, consistency and initial setting time. This method is based on empirical data, as is the BRE method [29] , and a trial mix is required to confirm or otherwise that the concrete mix has or not the required properties. The trial mix can then be refined. 
Examples of AAC mix design and comparison with PC
The mix design procedure can be applied for a range of applications of AAC. Three concretes with different requirements are used as examples.
 A typical ready mix concrete, with cube compressive strength of 35 MPa, initial setting time higher than 2 hours and consistency class S2, hereafter referred to as AAC-35.
 A typical structural concrete with cube compressive strength 50 MPa, initial setting time higher than 90 minutes and consistency class S2, labelled AAC-50.
 A high strength mix for precast concrete applications, with cube compressive strength of 70 MPa, initial setting time higher than 1 hour and consistency class S2, labelled AAC-70.
Trial mix proportions determined using Figure 9 , for the three concretes, are shown in Table 6 . The binder content depends on the paste volume, on the fly ash/GGBS blend and on the w/s ratio. AAC with same paste volume and same w/s ratio but different fly ash/GGBS ratio would have different binder content as fly ash and GGBS have different densities.
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In order to carry out a comparison between AAC and traditional Portland cement concrete (PC), mix proportions for PC with similar properties were determined according to the BRE procedure [29] . Results are shown in Table 7 alongside the AAC mix proportions. Table 6 . Mix proportions for the AAC examples as per the developed procedure.
Step AAC-35 AAC-50 AAC-70
Step -01. Specification of required properties
Compressive strength (MPa) 35 50 70
Consistency class S2 S2 S2
Initial setting time (minutes) 120 90 60
Step -02. Determination of fly ash/GGBS blend and w/s ratio ( Step -03. Compliance with required initial setting time (Fig. 6 )   
Step -04. Paste volume for the required consistency ( Fig. 7 ) 31% 31% 30%
Step -05. Determination of binder content (kg/m 3 ) (Fig. 8 ) 354 369 330
Step -06. Determination of the quantities of Na2O and SiO2 Step -07. Determination of the quantity of water to be added 105.8 99.8 121.2
Step -08. Determination of the quantities of aggregates 1887 1887 1914 * this value refers to the total amount of water, i.e. added water plus water included in the sodium silicate solution.
The following can be noted when comparing the AAC to the "equivalent" PC mixes:  W/s ratio for AAC concretes is dependent on the fly ash/GGBS ratio, on the required initial setting time and, to a lesser extent, on the required compressive strength. When GGBS content is low, w/s ratio is significantly lower than the w/c ratio required for PC concretes.
 The ratio of free water contents between AAC and PC equivalent concretes is in the range 70% to 77%.
 Paste volume for AAC concretes is between 30% and 31%, which is consistent with the void content of the aggregate blend (34% and 22% in loose and compacted state respectively, as discussed in section 2.1 above), i.e. greater than the minimum void content for ensuring adequate consistency and smaller than the maximum void content for avoiding excess paste. Paste volume for PC concretes is always higher than AAC concretes, which seems to indicate that the paste in AAC is more fluid, presumably due to the presence of sodium silicate. The paste volume obtained for PC-70 is very high (39%), and in the practice it would be reduced by adding admixtures to obtain the desired consistency whilst reducing the cement content (which is determined by the w/c ratio). However, in this study no admixture was considered in order to carry out a direct comparison between AAC and PC concretes.
 Quantities of aggregate are not dissimilar when comparing AAC-35 and PC-35. For higher strength grades, the increase of the paste volume resulted in a reduction of aggregate volume for PC concretes which was not the case for AAC concretes.
 Mix data for PC concretes were obtained without considering the use of admixtures, which would reduce the water demand for achieving the target consistency and consequently would reduce the cement content in the mix.
Experimental validation
AAC concrete mix proportions from the procedure above were tried in the laboratory. A comparison between fresh and hardened "design" properties and the actual experimentally obtained are shown in Table 8 .
Compressive strengths at 28 days for AAC-35 and AAC-70 were slightly lower than the "design" values.
Results were within a 10% variation from the target. A slight reduction of the w/s ratio would allow to achieve the desired strength without affecting considerably the initial setting time.
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The slump value was satisfactory for AAC-35 and AAC-70, whereas it was only 10 mm for AAC-50. The slump value could be increased by increasing the paste volume from 31% to 32%. Values of initial setting times, measured on mortars according to the ASTM standard C403M -08 [25] were satisfactory. It may therefore be concluded that the mix proportions from the above procedure were satisfactory for a trial mix which could then be further improved.
Cost analysis
In order to assess the economic viability of AAC, a cost analysis was carried out for the above concrete mixes comparing the AAC with the PC ones.
The cost of the concrete is largely dependent on the costs of the constituents, mainly Portland cement, fly ash, GGBS, sodium hydroxide and sodium silicate solution. Prices for constituents are not easy to obtain as they depend on several factors:
 Location: prices for materials can vary from one country to another, due to fluctuating market forces, the stock availability, the traders and the producers. This is particularly true for cement, which can have price differences even between locations within one country.
 Timing: price fluctuations over time can be considerable, since for most of the investigated materials the price is influenced by the cost of energy, in particular crude oil.
 Quantity: bulk purchases usually result in lower cost, in particular for chemicals, and the difference between the price of small and large quantities can be significant. The bulk purchase price is also usually negotiated with the supplier, and it is not readily disclosed.
Tentative prices for each constituent were obtained through contacts with industry, quotations and searches on trading websites and these can be considered representative for bulk purchase in the UK market. Prices are shown in Table 9 along with quantities for the production of 1 m 3 of concrete for the mix proportions obtained in the previous section. The cost for AAC-35 and AAC-70 does not differ considerably. This is due to the fact that the most costly constituents are chemicals whose quantities are similar in the two concrete strength classes.
The strength class is related to the GGBS content. The low w/s ratio for AAC-50 resulted in higher binder content, with a slightly higher cost due to the amounts of chemicals and precursors.
The price for PC concretes, on the other hand, depended on the strength grade. The most expensive constituent is Portland cement, and increasing compressive strengths requires lower w/c ratios and thus higher cement contents if plasticisers are not used. Portland cement accounted for 57% to 70% of the total cost of the concrete. Figure 10 shows the cost breakdown for the AAC and PC concretes. Sodium silicate solution and Portland cement were the most costly constituents for AAC and PC concretes respectively. Therefore, a sensitivity analysis was carried out by varying the price of Portland cement and sodium silicate. Price of sodium silicate solution was varied from 125 to 500 £/t, and Portland cement price from 70 to 110 £/t. Results are shown in Figure 11 . These price ranges were considered realistic for what is currently commercially available, i.e. other options such as waterglass from processed by-products, as recently proposed by some authors [31 -33] , has not been considered. Alternative sources of sodium silicate, or processes to produce it, may reduce the cost and the carbon footprint of AAC in the near future.
The following were the trends:
 The higher the compressive strength of Portland cement concrete, the higher its cost is. The relationship is linear. may not be prohibitive where high performance concrete is required and specified [34] . 
Conclusions
Concretes produced with fly ash and GGBS have been investigated to determine the effects of paste volume, w/s ratio and binder blend (fly ash/GGBS) on fresh and hardened properties of concrete. Main results were:
 Paste volume in the range 30% -33% did not influence the compressive strength, but had an important effect on the consistency of the mixes.
 W/s ratio influenced the compressive strength, although this effect was reduced with increasing GGBS content. W/s ratio has significant effects on the setting behaviour. Higher w/s ratio led to longer initial and final setting times.
 Increasing GGBS content in the binder blend resulted in an increase of the compressive strength.
Increasing GGBS contents resulted also in shorter setting times.
A step-by-step mix design procedure, starting from required compressive strength, initial setting time and consistency class, has been developed to determine the mix proportions of constituents for a trial mix. The procedure was used to determine the mix proportions for normal, medium and high strength concretes, and experimental results validated it. However, the proposed method has its limitation as is based on (a) a specific alkali activator chemical composition and dosage, and (b) one combination of coarse and fine aggregate of certain shape, texture and grading. Further development of the procedure will consider more material parameters.
A cost analysis was carried out for comparing cost between equivalent AAC and PC concretes. The cost analysis indicated that normal strength PC concrete will be less expensive than AAC with current prices. A higher price for PC and a lower price for sodium silicate solution may change this. AAC may be economically more favourable for medium to high strength applications, since the cost per cubic metre was found to be comparable to that of PC-based concrete. Lowering the cost of AAC is necessary for it to become commercially a viable alternative to PC concrete. Cost may be reduced by identifying alternative alkali activators or processes to produce and sell them at a lower price.
